Yeast artificial chromosome (YAC) clones were arranged on the positions of restriction fragment length polymorphism (RFLP) and sequence-tagged site (STS) markers already mapped on the high-resolution genetic maps of rice chromosomes 3 and 11. From a total of 416 and 242 YAC clones selected by colony/Southern hybridization and polymerase chain reaction (PCR) analysis, 238 and 135 YAC clones were located on chromosomes 3 and 11, respectively. For chromosomes 3 and 11, 24 YAC contigs and islands with total coverage of about 46% and 12 contigs and islands with coverage of about 40%, respectively, were assigned. Although many DNA fragments of multiple copy marker sequences could not be mapped to their original locations on the genetic map by Southern hybridization because of a lack of RFLP, the physical mapping of YAC clones could often assign specific locations of such multiple copy sequences on the genome. The information provided here on contig formation and similar sequence distribution revealed by ordering YAC clones will help to unravel the genome organization of rice as well as being useful in isolation of genes by map-based cloning.
Introduction
The rice genome is the smallest among cereal crops and consists of approximately 4.3 x 10 8 base pairs 1 in 12 haploid chromosomes. A conventional genetic map 2 of 185 morphological characters and genetic maps of 1383 3 and 726 markers 4 have been constructed. These maps and markers helped to accelerate cereal genome research, especially in clarifying the syntenous order of genes and markers among the major cereals, wheat, barley and maize as well as rice. 5 ' 6 Moore et al. 7 showed co-linear relationships between 6 major grass crop species with 19 rice linkage segments. This synteny extends even to the nucleotide level, 8 ' 9 suggesting the usefulness of rice as a tool for the isolation of cereal genes as well as for resolving cereal genome structure. Rice has now become a model plant among cereals for molecular biological studies of monocots. 10 Advancement in genome analysis and
Communicated by Mituru Takanami * To whom correspondence should be addressed. Tel. +81-298-38-2199, Fax. +81-298-38-2302 f Present address: National Institute of Genetics, Yata 1111, Mishima, Shizuoka 411, Japan i Present address: Department of Rice Research, Hokuriku National Agricultural Experimental Station, Joetsu, Niigata 943-01, Japan biotechnology of rice would greatly facilitate future improvement of these important cereals.
In the genome analysis of Arabidopsis thaliana, one of the models of higher plants, a total of 750 contigs covered 90% of the genome with 20,000 cosmid clones. 11 Efforts are currently underway to construct a complete physical map of the genome of A. thaliana with YAC contigs. 12 So far, detailed contig maps of chromosomes 2 and 4 have been reported.
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One of the goals of the Rice Genome Research Program (RGP) is to cover all 12 rice chromosomes with yeast artificial chromosome (YAC) contigs. We constructed a YAC library covering about six genome equivalents. 16 Recently, over half of rice chromosomes I, 1 7 5,  18 6,  19 4  and 7,  20 8 and 9,  21 and 10 and 12,  22 were covered with YAC clones. For ordering YAC clones, we adopted the chromosome landing method using all the DNA markers on the highly dense molecular linkage map. 3 We present here the physical map of ordered YAC contigs integrated with the linkage map of rice chromosomes 3 and 11, and distribution of multiple-copy DNA sequence with assigned YAC clones. [Vol. 4,
Materials and Methods

YAC library and DNA markers
A rice YAC library containing 6934 clones with an average insert size of 350 kb and covering 6 times the haploid genome was constructed previously. 16 The master clones of this YAC library were stored at -80° and the working stocks were maintained on AHC plates at 4° (AHC plates: 6.7 mg/ml yeast nitrogen base without amino acid, 10 mg/ml casamino acids, 20 /xg/ml adenine hemi-sulfate, 2% glucose and 2% bacto agar). All YAC clones were plated on five high-density YAC replica filters which comprised a set of the library; over 200 sets of replica filters (1000 filters in total) were propagated from the master filters.
DNA markers including restriction fragment length polymorphism (RFLP), sequence-tagged site (STS), and random amplified polymorphic DNA (RAPD) markers located on chromosomes 3 and 11 of the high-density molecular map 3 were used for YAC screening.
YAC screening with DNA markers
Screening of the YAC library on a high-density YAC filter set with RFLP markers was done by colony hybridization as described by Umehara et al. 16 Positive YAC clones were determined by Southern hybridization with the same RFLP markers used for colony hybridization in order to confirm whether these selected YACs produced the mapped DNA bands. The probing DNAs were amplified by polymerase chain reaction (PCR) using the plasmids as templates. All the hybridizations were detected with the ECL system (Amersham).
To select YAC clones with STS markers, a screening system with a three-step PCR method was used. 19 Eight superpools of YAC DNA mixture, each of which contained about 900 YACs, were constructed for the 1st screening. Then sub-pools of three-dimensional (3-D) YAC DNA combinations were constructed for the 2nd screening. PCR reaction with every STS primer was done on each DNA pool, together with DNAs of yeast host strain AB1380 and rice cultivar Nipponbare. To confirm the presence of positive clones in the 3-D screening, a third PCR was done using individual positive YAC clones as templates. 19 
Construction of ordered YACs on the chromosomes
The positive YAC clones were arranged on the marker positions of our molecular linkage map. Ordered YACs were re-confirmed for cross-hybridization to the closely linked neighboring DNA markers. The YACs selected by multiple DNA markers were assigned to their distinct positions through YAC arrangements as indicated by the results of Southern hybridization.
2.4-Availability of clones and information
The high-density YAC filters, YAC clones, and DNA markers used in this study are available upon request to the Ministry of Agriculture, Forestry, and Fisheries (MAFF) DNA bank and are accessible through http://bank.dna.affrc.go.jp/.
Results
Screening of YAC library with DNA markers
A total of 658 positive YACs were selected with 223 out of 255 mapped DNA markers on chromosomes 3 and 11. Five hundred and ninety two YACs were selected by 189 RFLP markers. Forty-four and 22 YACs were selected by PCR screening with 6 RAPD and 7 STS markers, respectively. However, the remaining 12 RFLP, 6 RAPD and 3 STS markers could not identify any positive YACs; these 21 DNA markers correspond to about 9% of available markers used in YAC screening on both chromosomes. A total of 373 YACs were identified on the corresponding locations of the genetic loci in chromosomes 3 and 11 but the remaining 285 YACs could not be unambiguously assigned to chromosomal locations. All of these non-assigned YACs were picked by multi-copy markers or Kasalath-dominant markers. Seventy-three candidate YACs were selected with probes from nine Kasalath-dominant markers but no corresponding Nipponbare allelic bands were detected among them. Two hundred and forty-four YACs selected by Southern analysis with multi-copy markers carry bands which could not be mapped. Some of these YACs which we failed to locate on chromosomes 3 and 11 were mapped on other chromosomes. A few examples are described in the following section.
Ordered YAC clones on chromosomes 3 and 11
The physical map of chromosome 3, includes a total of 238 YACs (Fig. 1 ). Of these, 68 YACs (shown by bars with black circles or squares in the figure), comprising 47 YAC contigs and islands, form the maximum coverage of the chromosome. YAC contigs connected by more than 2 marker positions are distributed on 23 regions, and cover a total length of 40.5 cM on the genetic map. The other 24 regions were YAC islands with single or redundant YACs on single DNA marker positions. The longest contig covers 7.1 cM from C875 to C316 with four YACs on region 3 (Fig. 1) . The longest genetic distance covered by a single YAC is 5.0 cM from C746 to C136 (region 2 in Fig. 1 ) by Y3707 with 430 kb. On the other hand, YAC contig formation could not be achieved for the 4.8 cM region from L481 to T34 (in region 2) despite the almost even genetic distribution of 10 DNA markers but with six separate YAC islands. These cases indicate a clear discrepancy between genetical and physical distance.
On chromosome 11, the 135 unique YACs could be assigned with 71 DNA markers (Fig. 2) , and form 12 contigs covering a genome stretch 20 cM in length with 20 YAC islands. The longest contig on chromosome 11 cover 6 cM from L1044 to C82 with three YAC clones in region 1 (see Fig. 2 ). Furthermore, in one distal end of chromosome 11, 13 markers were co-linearly mapped with markers at one distal end of chromosome 12 within a distance of 12 cM. 23 YAC alignment with almost perfect coincidence in the same chromosomal regions has also been achieved (Wu et al., manuscript in preparation).
Among the YACs located on chromosomes 3 and 11, 82 (35% of the total) and 59 (44%), respectively, were also selected with markers on other chromosomes. These chimeric YAC clones are indicated on the contig maps by YACs with the letter ' C (see Figs. 1 and 2 ). Six YAC clones were confirmed to have deletion sites in their inserts where interval markers could not be hybridized (indicated by YACs with gray bars in the figures).
Southern analysis of YACs hybridized with
multiple-copy probes A lot of multiple-copy DNA markers hybridized not only with YACs corresponding to the mapped loci, but also with YACs of unknown location. A total of 191 YACs which were selected by multi-copy DNA markers could not be assigned to any position on chromosome 3 or 11. However, 166 out of these 191 YACs were selected with DNA markers which were located on other chromosomes.
Two example of multi-copy DNA markers that picked several YAC clones are shown in Figs. 3a and 3b. Marker V8 formed six hybridized bands in Nipponbare genomic DNA when digested with Dra I (see Fig. 3a ). These bands were designated as V8-1, -2, -3, -4, -5 and -6, from the largest to the smallest, respectively. The V8-3 band showed RFLP and was mapped previously as locus V8 on chromosome 3. YAC clones Y2167 and Y3222 contained the V8-3 band and therefore could be assigned to the middle region of chromosome 3 (Fig. 3c) . The YACs Y2236 and Y6729 carried bands V8-1 and V8-6 which were also assigned to the upper region of chromosome 3 using other DNA markers (Fig. 3d) . YAC clones Y4428, Y4171, and Y1819, which were selected by P123 located on the middle region of chromosome 6, carried the V8-2, -4 and -5 bands, simultaneously (Fig. 3e) . Thus, all 6 copies of the V8 marker were shown to be distributed among three regions of the rice genome; V8-3 on chromosome 3, V8-1 and -6 on another region of chromosome 3, and V8-2, -4, and -5 on chromosome 6.
Another multi-copy DNA marker, C1329, contained three hybridized fragments when Nipponbare DNA was digested with EcoRV. Five candidate YAC clones were selected (see Fig. 3b ). The bands were designated C1329-1, -2, and -3 from the top of the gel. YACs Y2236 and Y6729 carried the C1329-1 and -3 bands that had already been assigned on chromosome 3 (Fig. 3d) . YACs Y1819, Y4171. and Y4428 produced the band of C1329-2, which has not yet been assigned to any position on the genetic map. However, these YACs have also been assigned to the middle region of chromosome 6 by PI23, as shown in Fig. 3e , indicating that band C1329-2 is also derived from these YACs. In the cases of both the V8 and C1329 markers, the combination of physical and genetic mapping could serendipitously clarify the micro-level of gene duplication in chromosomes 3 and 6.
Discussion
Our goal is to cover the entire rice genome with YACs. Our linkage map has 1383 markers along 1575 cM of total genetic distance; thus, 1 cM corresponds to a calculated 273 kb of the total genome size of rice, 430 Mb. Our YAC library has about 7000 clones with an average insert size of 350 kb. 16 From these data, the extent of chromosome coverage achieved in this study is estimated with respect to the three types of alignment of YACs we found on the genetic map. The 1st type is a single YAC site (SYS) where an independent DNA marker selected only one YAC clone, irrespective of whether a single copy marker or multi-copy marker is located. The second type is a multiple YAC site (MYS) where a single marker position selected two or more ordered YAC clones. The third type is a YAC contig region (YCR) where multiple YACs are arranged to cover multiple DNA markers.
In chromosome 3, there are 14 SYSs with an average size of 350 kb/YAC, 10 MYSs with coverage of 350kb x 1.5 (525 kb), assuming a 50% overlap between YACs, 24 and a YCR that span 40.5 cM. In total these YACs covered a 21 Mb length of chromosome 3. Since the total genetic distance of chromosome 3 is 168.5 cM (46.0 Mb), the YAC coverage of this chromosome is around 46%. In chromosome 11, there are six SYSs, 14 MYSs and a YCR which span 20 cM. In total, these YACs covered 14 Mb of chromosome 11. The genetic distance of chromosome 11 is 128.3 cM (35.0 Mb) and thus the coverage of this chromosome by YACs is around 40%. These estimated values for coverage by the ordered YACs for chromosomes 3 and 11 are 61% and 49%, respectively, calculated based on the YAC insert size of the minimum tiling path (indicated by YACs with filled circles in Figs.  1 and 2 ).
The ratio of genetic and physical distances varies from region to region of the chromosome. In the case of chromosome 3, the maximum value for 1 cM is from 440 to 840 kb between R1158 and C1488, covered by two YAC clones, Y5127 and Y5484 (region 3, in Fig. 1 ), whereas the minimum value is below 90 kb/cM between C746 and C136 spanning 5 cM and covered by Y3707 with a 430-kb insert (region 2, in Fig. 1) . The most distinctive discrepancy between genetic and physical distances is in the region between L481 and R606A with 3.4 cM in the lower part of region 2 of chromosome 3 (see Fig. 1 ). Although 19 YACs were identified by eight kinds of evenly distributed DNA markers, this region was not covered by a single contig. Such a case of a short genetic distance corresponding with a long physical distance has also been observed in chromosomes 6 19 , 4, and 7.
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Sixty-nine RFLP markers hybridized with multiple DNA fragments in Southern hybridization analysis for Nipponbare genomic DNA. All of these multi-copy markers contains the unassigned DNA fragment by linkage analysis. All of YAC clones selected with these unassigned DNA fragments could not be located on the chromosomes. In this study, we tried to assign those DNA fragments to the physical map by Southern hybridization analysis. As in the cases of the V8 and C1329 markers (Fig. 3) , all of unlocated copies of multi-copy DNA markers have been localized by physical mapping. The present results indicate that multi-copy markers might be useful in the detailed analysis of genome organization, in particular in determining the distribution of multi-gene family sequences. The YAC contigs covering such well-defined regions should provide a basis for map-based cloning, as well as contributing information for the resolution of the physical structure of the rice genome.
